Reduced kidney function is associated with an increased fracture risk, although the relationship between an age-related decline and fractures needs further investigation. We followed kidney function and fracture risk for 10 years. A mild-moderate decline in kidney function was associated with fracture, but not in advanced age. Introduction With age, kidney function declines. Though well known that chronic kidney disease is associated with increased fracture risk, the extent to which the typical age-related decline contributes is unclear. In the OPRA cohort, a longitudinal study of older non-selected women, we investigated the association between kidney function and fracture. Methods Cystatin C-based kidney function estimates were available at age 75 (n = 981) and 80 (n = 685). Women were categorized by kidney function: normal (CKD stages 1 and 2), mild-moderate (3a), poor (3b-5), and imminent, short-and long-term fracture risk investigated. BMD measurements and kidney function for risk prediction were also evaluated; women were categorized by both reduced kidney function (stages 3-5) and osteoporosis status. Results In the short term, 2-3 years, mild-moderate kidney dysfunction was associated with the highest risk increase: osteoporotic fractures (2 years HR adj 2.21, 95% CI 1.27-3.87) and also up to 5 years (between 75 and 80 years) (HR adj 1.51, 1.04-2.18). Hip fracture risk was similarly increased. This association was not observed from age 80 nor for women with poorest kidney function. Reduced kidney function was associated with higher risk even without osteoporosis (osteoporotic fracture; HR adj 1.66, 1.08-2.54); risk increased by having both osteoporosis and reduced function (HR adj 2.53, 1.52-4.23). Conclusion Older women with mild-moderate reduction of kidney function are at increased risk of fractures, but not those with the worst function. Our findings furthermore confirm the value of osteoporosis assessment and it is possible that in this age group, age-related decline of kidney function has limited contribution compared with BMD.
Introduction
Older women are at increased risk for fragility fractures and the lifetime fracture risk for women above age 50 may be as high as 50% [1] . Hand in hand with old age is a decline in kidney function [2] . Since the kidneys regulate homeostasis of PTH, phosphate, calcium and vitamin D, any disruption in function can be expected to disturb bone remodeling and have implications for skeletal health.
Among individuals with a clinical diagnosis of chronic kidney disease (CKD), a number suffer from chronic kidney disease-mineral and bone disorder (CKD-MBD) [3, 4] and in these individuals, studies suggest that the risk of hip and nonvertebral fractures is increased [5] [6] [7] [8] [9] [10] . However, the majority of older people will experience a moderate decline in renal function as part of the normal age-related deterioration, possibly without developing the specific kidney-associated bone metabolic abnormalities.
We have previously shown that among communitydwelling women age 75 and over, a large proportion have reduced kidney function equivalent to CKD stages 3-5 [11] . Importantly, even without a diagnosis of CKD-MBD, we have shown that reduced kidney function in these women is associated with bone loss and altered mineral homeostasis [12] . Globally, this extrapolates to a large share of the older population potentially susceptible to bone fragility and therefore fracture. Despite this, knowledge is limited in terms of translating this into fracture prediction in the general population without a diagnosis of CKD, especially in the perspective of different time frames for risk, which is highly relevant.
Hence, the purpose of this study is to investigate the association between age-related reduced kidney function and fracture risk in older women. Hypothesizing an association between these two common states in the elderly, firstly, we aim to understand risk in relation to degree of reduced kidney function. Secondly, we aim to determine clinically relevant time frames for fracture risk prediction using imminent, short-and long-term perspectives. Thirdly, we aim to estimate the relevance of bone density measurement in combination with kidney function for fracture risk, i.e., determine the relevance of new Kidney Disease Improving Global Outcome (KDIGO) guidelines.
For this investigation, estimated glomerular filtration rate (eGFR) using cystatin C (cysC) was calculated in the longitudinal and prospective Osteoporosis Prospective Risk Assessment (OPRA) cohort of 1044 women all aged 75 at baseline and followed for 10 years.
Material and methods

Subjects
The OPRA cohort, described previously [13] , is a longitudinal and population-based cohort. On their 75th birthday, 1604 Caucasian women, randomly chosen from Malmö city files (between 1995 and 1998) without exclusion criteria, were invited by letter. At baseline, 1044 women attended investigation (65% response rate). Reinvestigations were made after 5 years (n = 715 (75% response rate)) and 10 years (n = 382 (76% response rate). Response rate at follow-up and reasons for non-attendance, including deaths, are described in detail [11] , as are numbers analyzed for each variable [12] . In this report, we include only women for whom cysC-based eGFR values were available, corresponding to 981 (age 75), 685 (age 80), and 365 women (age 85). At all visits, participants completed an extensive questionnaire on health and lifestyle factors. Weight (kg) and height (cm) were measured using standardized methods and BMI (kg/m 2 ) was calculated. The study was performed in accordance with the Helsinki declaration and approved by the Lund University Ethical Review Board. Participants provided written informed consent.
Blood chemistry
Plasma cysC from all visits were analyzed in batch in 2015 using a Cobas auto-analyzer, adjusted to the international reference preparation ERM-DA 471/IFCC, at the Department of Clinical Chemistry (CV ranging from 2.2 to 1.1%), Skåne University Hospital, Malmö, Sweden. Routine blood chemistry was analyzed by standard methods. Urine albumin, important for CKD staging, was not measured.
Kidney function
To most accurately estimate glomerular filtration rate (eGFR) in older individuals, we used cysC [14, 15] and calculated eGFR (mL/min/1.73m 2 ) using the Chronic Kidney Disease Epidemiology Collaboration formula (CKD-EPI) [16] . 
Incident fracture registration
Collection and identification of incident fractures has been described in detail previously [17] . Briefly, incident fractures from study start (age 75) until October 31, 2012, were identified by continuously searching the files of the Radiology Department serving the Department of Orthopedics, Skåne University Hospital Malmö and medical files. As this is the only unit treating adult and pediatric fractures in the catchment area, information loss is exceptionally low [18] . In this study, we report fractures only up until second follow-up at age 85 (between Dec 2005 and June 2009), providing a maximum fracture follow-up of 10.4 years (mean 8.8 years). High-energy or pathological fractures were excluded. Osteoporotic fractures were defined as any of the following: hip, pelvis, vertebral, distal radius, or proximal humerus.
Bone mineral density
Areal BMD (g/cm 2 ) was measured with a Lunar DPX-L (GE Lunar, Madison, WI) using dual-energy x-ray absorptiometry (DXA). Precision error ranged from 0.009 to 0.010 g/cm 2 at the femoral neck (FN). Duplicate measurements from healthy individuals were used to assess the precision of DXA and no drifts in phantom measured results were observed during follow-up [19] . Osteoporosis was defined as femoral neck (FN) T-score ≤ − 2.5.
Statistics
Descriptive data is presented as mean with standard deviation (SD) or median with interquartile range (IQR). Women were divided into 3 categories based on reduction of kidney function: normal (normal to mild reduction, eGFR ≥ 60 mL/min/1.73m 2 (equivalent to CKD stages 1 and 2); intermediate (mild-moderate reduction, eGFR 45-59 mL/ min/1.73m 2 (equivalent to CKD stage 3a), and poor (moderate-severe reduction, eGFR < 45 mL/min/1.73m 2 (equivalent to stages 3b-5) [4] . In additional analyses, intermediate and poor categories were combined into a single group reduced kidney function, defined as eGFR < 60 mL/min/1.73m 2 .
Fracture incidence in 5-year intervals during follow-up is reported using number of first fractures (between 75-80 and 80-85 years). Fracture incidence per 1000 person-years was calculated as 1000 × total number of fractures / total follow-up time (time to death OR end of follow-up). Fracture incidence was estimated for hip and osteoporotic fracture and rate ratios calculated.
Fracture risk for women with intermediate or poor kidney function was estimated using Cox proportional hazard models (reference category, normal function), using first fracture event and time at risk (calculated individually as time to fracture, OR death OR end of follow-up). Data is presented unadjusted and adjusted for weight, smoking, and vitamin D (model 1) with additional adjustments for FN BMD (model 2).
Time frames for estimated fracture risk were imminent (1 year) and short term (2 and 3 years), i.e., kidney function at age 75 and incident fractures occurring between age 75-76, 75-77, and 75-78; and long term (5 years), i.e., kidney function age 75, and fractures occurring between age 75 and 80. To evaluate the association between kidney function and fracture in advanced age, we "reset" baseline as kidney function at age 80 and similarly calculated 1, 2, 3, and 5-year fracture risk (Online resource 1). In addition, for the purpose of comparison with other fracture prediction tools, we also present 10-year fracture risk calculations as online resources.
In addition to these cross-sectional analyses, fracture risk was also calculated using only those women who survived the whole follow-up of 10 years (n = 695), regardless of visit participation at the reinvestigations.
To assess the utility of routine BMD measurement to predict fracture risk in women with reduced kidney function, and provide much needed prospective data [3] , we analyzed combinations of kidney function (normal/reduced) and osteoporosis status (i.e., FN T-score ≤ −2.5). Lumbar spine was not used for diagnosis of osteoporosis due to the high incidence of degenerative changes at this site in elderly individuals [20] . Four categories were created (1) normal kidney function (eGFR ≥ 60 mL/min/1.73m 2 ) without osteoporosis, (2) reduced kidney function without osteoporosis, (3) normal kidney function with osteoporosis, and (4) reduced kidney function with osteoporosis. As described above, Cox proportional hazard models were used (reference category, group 1, i.e., normal kidney function without osteoporosis). Log-log plots were used to confirm the proportional hazard assumptions. Kaplan Meier curves were used to describe fracture-free survival in these different groups. p value for difference was calculated using the log rank test.
A priori power analyses were calculated based on the assumption of 0.13 g/cm 2 SD in BMD; this study has > 80% power to detect a 0.056 g/cm 2 difference between equal groups (5% significance level). Analyses were made with SPSS (IBM SPSS, Version 22.0. Armonk, NY: IBM Corp). A p < 0.05 was considered nominally significant.
Results
Kidney function and other characteristics of the OPRA cohort relevant to this study are shown, for each visit, in Table 1 . Corticosteroid use, although low overall at age 75, increased across categories of kidney function (2%, 4%, and 6% in the normal, intermediate, and poor categories respectively, p = 0.009). At follow-up, it did not differ. Bisphosphonate and calcium/vitamin D use was similar at all timepoints (data not shown).
During the first 5-year follow-up period, osteoporotic fracture incidence in the normal, intermediate, and poor kidney function categories was 15% (86/570 women), 21% (54/252), and 18% (29/159), respectively ( Table 2) . Baseline kidney function did not differ in women with or without hip fractures. However, women who sustained an osteoporotic fracture (between age 75 and 80) had lower baseline kidney function than women without osteoporotic fracture (eGFR 60.5 mL/min/1.73m 2 (95% CI 57.9-63.2) versus 63.8 (62.6-65.1); p = 0.027). Mean kidney function at age 80 did not differ between those who fractured or not over the following 5 years (i.e., between age 80 and 85 (data not shown)). In contrast, considering fracture incidence per 1000 person-years, women with the poorest baseline kidney function had the lowest fracture incidence from age 75 to 85, although nonsignificant (Online resource 2).
Kidney function and imminent and short-term fracture risk
Compared with women with normal kidney function, women with intermediate function at age 75 had higher short-term risk of fracture and the association tended to be strengthened after adjustment for confounders; weight, smoking, vitamin D levels, and BMD ( Table 3 , Fig. 1a ). The elevated risk was seen for both hip and osteoporotic fractures within 2 and 3 years (hip fracture HR adj 4.15 and 3.12, osteoporotic fracture HR adj 2.21 and 1.85). Although non-significant, a possible trend towards increased risk of hip fracture within 3 years (HR adj 1.62) and osteoporotic fracture within 2 and 3 years (HR adj 1.18 to 1.41) was seen for women with poor function. Based on the short time period of 1 year (imminent risk), no association between kidney function and fracture was observed. Resetting baseline to kidney function at age 80, the association between kidney function and imminent and short-term fracture risk was directionally similar, while it was not significant.
Kidney function and long-term fracture risk
Similar to short-term risk, reduced kidney function was associated with long-term fracture risk. Women with intermediate kidney function at age 75 had a two-fold higher risk of hip fracture over 5 years (HR adj 2.00, 95% CI 1.00-3.98) compared with those with normal kidney function and fracture risk was also elevated for osteoporotic fractures (HR adj 1.51, 1.04-2.18). For those with poor function, the trend was directionally similar but nonsignificant ( Table 3 , Fig. 2a ). Evaluating reduced kidney Fig. 2b ). Applying a 10-year risk perspective from age 75, reduced kidney function was not associated with significantly increased fracture risk (Online resource 3 and 4).
Potential influence of survival on risk estimates
Associations between kidney function and increased fracture risk observed in the cross-sectional analysis were validated in the subset of women who survived the entire follow-up (n = 695). Among surviving women, those with intermediate kidney function at age 75 had an elevated 5year risk of hip fracture (HR adj 3.36, 95% CI 1.36-8.33). As before, poor kidney function for prediction did not reach statistical significance (hip HR adj 2.80, 95% CI 0.85-9.25). In these longitudinal analyses, results for osteoporotic fracture or the other longer time period (80-85 y) were largely similar (data not shown).
Reduced kidney function and osteoporosis
In these analyses, we compare 5-year fracture risk based on combinations of normal or reduced kidney function with or without osteoporosis in order to determine if BMD added information beyond that of kidney function alone. Supporting our previous observations, reduced kidney function was associated with higher fracture risk even without osteoporosis (hip HR adj 3.08 (95% CI 1.05-9.07) and osteoporotic HR adj 1.66 (95% CI 1.08-2.54). As expected, fracture risk was high among those with osteoporosis, but risk seemed to further increase in women with both osteoporosis and reduced kidney function compared with those with osteoporosis and normal function ( Table 4 , Fig. 3 ).
Discussion
Chronic kidney disease is detrimental to bone health, but the clinical implications of a mild to moderate, age-related loss of function in unselected and otherwise healthy seniors need to be further addressed. Using cysC-based estimations of kidney function, this study aimed to address this question in a cohort of community-dwelling elderly women, a population whose age puts them already at great risk of fracture. We hypothesized that age-related kidney function decline would be associated with fracture risk, but while women with a mildmoderate decline had an up to two-fold risk increase, women with the worst kidney function showed no increased risk. It was also apparent that eGFR predicts fracture risk best within short-term time frames from the age of 75. Although a directionally similar trend was seen in advanced age, results were non-significant. We also show that even in the absence of osteoporosis, women with reduced kidney function have an increased fracture risk, while the combination of reduced kidney function and diagnosed osteoporosis increased the risk further. These findings indicate that implications for bone health and fracture risk might occur in the very common modest reduction of kidney function in the elderly, and also possibly before a diagnosis of CKD-MBD. However, the association between kidney function and fracture risk in this age group is probably limited compared with that of osteoporosis.
To date, understanding of whether reduced kidney function in the normal elderly poses a short-or long-time threat to skeletal health has been hampered primarily by the lack of standardization between studies, while others are problematic to interpret [21, 22] . Participant ages have been variable as have the follow-up times, time frames for risk prediction, bone density measurements, plasma measurements, and methods for calculating eGFR and CKD staging. Also, many studies have been conducted in selected cohorts of patients already diagnosed with kidney disease, not mirroring the general elderly population. This is reflected in lack of consistency between studies; Fried et al. report that women, similarly aged to those in the OPRA cohort, with CKD stage 3 or worse were not associated with an increased risk [23] ; results confirmed in another longitudinal study [24] . Ensrud et al., conversely, reported that women with intermediate kidney function (stage 3a) had higher hip fracture risk, with an additionally higher risk in those with poor function (3b-5), although based on a smaller sample size and younger than in our study [8] . Other studies report that CKD stages 3 and 4 (intermediate/poor function) are associated with increased risk of hip fracture [5, 7] , with up to a four-fold risk increase in the most severely impaired [25] . A recent population-based Dutch study in old adults report results comparable with ours [26] . Nonetheless, what we add with this study is kidney function estimated using cysC, proposed best in the elderly, and a large sample size of females, all of the same age. Two subsequent longitudinal studies have reported that BMD is of value in predicting fracture in CKD, with one of these studies including severe CKD and hemodialysis [27, 28] . Our study aims at further elucidating the complexity of risk prediction in the elderly by stratifying the time frame but also accounting for change over time. Kidney function was most predictive for fractures, both hip and osteoporotic, in the first few years after age 75, although not in the first 12 months, probably explained by the low number sustained in this short time period. No association Data presented is unadjusted. P-values represent p for difference calculated by the log-rank test. Normal kidney function (eGFR ≥ 60 mL/min/1.73m 2 , stage 1-2); Intermediate (eGFR 45-59, stage 3a) and Poor (eGFR <45, stage 3b-5). Fig. 2 Long-term fracture-free survival. a Kidney function at age 75 and fractures between 75 and 80. b Kidney function at age 80 and fractures between was seen in advanced age, possibly explained by a reduction of sample size due to mortality and loss to follow-up. In addition, and contrary to our expectations, no association between women with the worst kidney function and fracture risk was evident, possibly explained by the higher mortality [11] .
Severe kidney disease is closely linked to disturbed mineral metabolism and consequently bone fragility. Our observation of an elevated risk of fracture even after adjustment for BMD supports an association between kidney function and bone quality. Furthermore, while reduced kidney function even in the absence of osteoporosis increased the risk of hip fracture, there was clearly an additive risk, with the highest fracture risk in those having both osteoporosis and reduced kidney function. That osteoporosis confers a higher fracture risk than a slight reduction of kidney function is not surprising, although it was only recently, KDIGO overturned its recommendation that routine BMD screening was unnecessary in CKD patients with evidence of CKD-MBD [29, 30] . Our results support this decision, indicating that bone density measurements provide important clinical information, despite the fact that the majority of women in this study most probably do not have a clinically validated diagnosis of CKD. Furthermore, also at earlier CKD stages, in those with mild to moderate reduction, BMD measurement might be of benefit.
Studies on reduced kidney function and osteoporosis-related fractures in older women are of importance since the conditions coexist in a large proportion of the elderly population, with numbers expected to increase [31] . Hence, our findings have implications not only for fracture prediction but for primary and secondary fracture prevention, mainly since drug administration relies on sufficient kidney function. Pharmacological treatment of patients with CKD 1-3, without evidence of CKD-MBD, does not differ from other patients, but treating those with severely reduced kidney function remains problematic even with newer drugs [32] .
Strengths and limitations
The study has limitations; firstly, contrary to our expectations, in our cohort, those with the most impaired kidney function did not have a higher risk of fracture, although, this is most likely due to a low number with very poor kidney function in these elderly women. Since only 3% have eGFR < 30 mL/min/1.73m 2 (CKD 4-5), this very small sub-group was not separately analyzed. Overall, however, the cohort is likely to well reflect a typical older population of community-dwelling women. Secondly, we also acknowledge that, while replicating the cross-sectional results in only those women who survived the entire 10-year follow-up, we may not have fully accounted for the influence of mortality. Thirdly, although this study was powered for differences in BMD, the age and sex of participants was chosen to capture maximum number of fractures during follow-up. Furthermore, the measurements of cysC and BMD at three consecutive timepoints enable fracture risk calculations across a variety of relevant time windows, although analyses including immediate and short fracture risk might not support multivariate modeling due to a low number of fractures. However, this is not true for the unadjusted data and the two most important confounders, age and sex, are already accounted for in this study since all study participants are women, identically aged. Fourth, participants might be healthier than those who declined [33] and more likely to have fractured [34] , although this is a potential bias common to most studies. Lastly, as the OPRA cohort was designed as an osteoporosis study, urine albumin, important for CKD staging, was not a part of study protocol. Strengths of this study include the single age of all participants at inclusion, meaning that corrections for age are unnecessary-at older ages, this is particularly relevant given differences between chronological and biological age. Importantly, the participants in this study are randomly selected from the population without any exclusion criteria and with a high participation rate, Hence, considered sufficiently representative of the community, i.e., of older Caucasian women. However, generalization with regard to other populations or ethnicities should be made cautiously. Another strength is the estimation of kidney function with cysC. This new marker of GFR is more trustworthy for GFR compared with creatinine, especially in the elderly [14, 30] . Furthermore, our prior detailed investigations of algorithms most appropriately estimating kidney function in older women provide the clinical foundation with inference for kidney function and bone health.
Conclusion
In older non-selected women, a mild to moderate reduction of kidney function even without a diagnosis of CKD is associated with an increased risk of hip and osteoporotic fracture, for up to 5 years, although not in women with the worst kidney function. This study also confirms the value of DXA assessment in the elderly with reduced kidney function. These findings suggest that the average older women with even moderately reduced kidney function should be considered for bone health investigation. Fig. 3 Ten-year fracture-free survival curves for a the hip and b osteoporotic fracture based on combinations of kidney function (normal/reduced) and osteoporosis (with/without) at age 75
